Aims/hypothesis Although skeletal muscle insulin resistance has been associated with activation of c-Jun Nterminal kinase (JNK), whether increased JNK activity causes insulin resistance in this organ is not clear. In this study we examined the metabolic consequences of isolated JNK phosphorylation in muscle tissue. Methods Plasmids containing genes encoding a wild-type JNK1 (WT-JNK) or a JNK1/JNKK2 fusion protein (rendering JNK constitutively active; CA-Jnk) were electroporated into one tibialis anterior (TA) muscle of C57Bl/6 mice, with the contralateral TA injected with an empty vector (CON) to serve as a within-animal control. Results Overproduction of WT-JNK resulted in a modest (∼25%) increase in phosphorylation (Thr 
183
/Tyr 185 ) of JNK, but no differences were observed in Ser 307 phosphorylation of insulin receptor substrate 1 (IRS-1) or total IRS-1 protein, nor in insulin-stimulated glucose clearance into the TA muscle when comparing WT-JNK with CON. By contrast, overexpression of CA-Jnk, which markedly increased the phosphorylation of CA-JNK, also increased serine phosphorylation of IRS-1, markedly decreased total IRS-1 protein, and decreased insulin-stimulated phosphorylation of the insulin receptor (Tyr 1361 ) and phosphorylation of Akt at (Ser 473 and Thr 308 ) compared with CON. Moreover, overexpression of CA-Jnk decreased insulin-stimulated glucose clearance into the TA muscle compared with CON and these effects were observed without changes in intramuscular lipid species. Conclusions/interpretation Constitutive activation of JNK in skeletal muscle impairs insulin signalling at the level of IRS-1 and Akt, a process which results in the disruption of normal glucose clearance into the muscle.
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Introduction
Although obesity is closely associated with insulin resistance, the exact mechanisms by which increased adiposity contributes to this disorder are not fully resolved. Insulin resistance is, however, associated with excess ectopic lipid deposition in liver and skeletal muscle [1] . Moreover, the accumulation of deleterious lipid species such as diacylglycerol (DAG) [2] and ceramide [3] are known to dysregulate insulin action, either directly or indirectly, via the activation of important serine threonine kinases such as c-Jun Nterminal kinase (JNK), IκB (inhibitor of nuclear factor κB) kinase β (IKK-β) or protein kinase C. Both JNK and IKK-β are central to inflammatory signalling and have been shown to play a critical role in the development of insulin resistance, since genetic ablation of either JNK or IKK-β protects against diet-induced or genetic obesity [4, 5] . However, since activation of both JNK and IKK-β is thought to be elevated in insulin-resistant skeletal muscle, complete or partial ablation of the activation of these kinases may not be the most appropriate physiological model to examine their cause and effect relationship with respect to insulin action.
As discussed, global JNK1-deficient animals are protected from insulin resistance induced by a high-fat diet [4] , but the role of selective ablation of JNK1 in skeletal muscle is unclear, since it either improves [6] or does not affect [7] insulin action. Furthermore, the potential compensatory interactions between JNK isoforms are also likely to complicate the tissue-specific deletion models [8] . Of note, pharmacological and/or physiological interventions that reduce lipid-induced activation of JNK in skeletal muscle also reduce insulin resistance [9, 10] . One mechanism by which activation of JNK is thought to impair insulin action is via enhanced serine phosphorylation of insulin receptor substrate 1 (IRS-1) [11] , although it has recently been hypothesised that JNK may play a role in modulating intramyocellular lipid accumulation via altered activity of lipoprotein lipase (LPL) [6] .
Skeletal muscle accounts for ∼80% of insulin-stimulated whole-body glucose disposal, and in states of insulin resistance skeletal muscle is by far the most affected organ with respect to impaired insulin-stimulated glucose disposal [12] . It is somewhat surprising, therefore, that the effect of increased JNK activation on insulin sensitivity in this tissue has not been extensively studied. Accordingly, in the current study we used in vivo electroporation to deliver plasmids containing genes encoding either wild-type (WT-JNK) or constitutively active (CA-JNK) Jnk constructs specifically in skeletal muscle and examined insulin-stimulated glucose clearance and insulin signal transduction. While a modest, short-term increase in phosphorylation of JNK was insufficient to lead to impaired insulin action, constitutive activation of this inflammatory protein increases Ser 307 phosphorylation of IRS-1 and decreases IRS-1 levels and phosphorylation of the insulin receptor and Akt, impairing insulin action.
Methods

Animals
Male WT C57Bl/6 mice (AMREP AS, Melbourne, VIC, Australia) were used for all experiments. All experiments were approved by the Alfred Medical Research Education Precinct Animal Ethics Committee and commenced when mice were 8 weeks of age. Mice were fed a chow diet containing 5% of total energy from fat (Specialty Feeds, Glen Forrest, WA, Australia). Animals were administered food and water ad libitum and housed in a controlled environment (22.0±0.5°C) with a 12 h light-dark cycle.
Plasmid construction
JNKK2-JNK1 fusion protein The CA-JNK fusion protein was generated by enzyme substrate fusion as previously described [13] . Briefly, Jnk1 (also known as Mapk8) was fused in frame with its specific activator Jnkk2 (also known as Map2k7) with DNA encoding a decapeptide linker (Gly-Glu) 5 inserted between the coding sequences and inserted into the pSRα3HA vector. Fusion of JNK1 to its upstream activator JNKK2 results in its constitutive activation [13] .
WT-JNK As previously described [14] , the WT-JNK plasmid contains human JNK1 cDNA with an HA-tag at the 5′ region cloned by blunt-end ligation at the Xho I site in the pCAGGS vector [15] . Overproduced WT-JNK is functional in skeletal muscle in vivo [14] .
Green fluorescent protein The green fluorescent protein (gfp)-expressing plasmid (pCDNA3 GFP) was constructed by obtaining the pCDNA3 vector from Invitrogen (Carlsbad, CA, USA), and the gfp cDNA was cloned into the vector. Plasmid DNA was prepared using a Plasmid Purification Megaprep kit (Qiagen, Valencia, CA, USA) according to the manufacturer's specifications. The DNA concentration was quantified using a Nanodrop ND-1000 Spectrophotometer (Biolab, Scoresby, VIC, Australia) and the DNA dissolved in saline (154 mmol/l NaCl) to a final concentration of 4 μg/μl.
In vivo electrotransfer
The purified plasmids were directly injected into mouse tibialis anterior (TA) muscle as previously described [16, 17] . The TA muscle was chosen because it can be electroporated easily without the requirement for surgery, and the fibre composition is representative of the entire musculature of the mouse. Briefly, mice were anaesthetised with isoflurane, their hindlimbs shaved and TA muscles injected with 30 μl 0.5 U/μl hyaluronidase. After 2 h, mice were again anaesthetised with isoflurane and 100 μg WT-JNK, CA-Jnk or pcDNA3 GFP (in 25 μl saline) injected into the right TA muscle using a 29-gauge needle. The left TA muscle was injected with 25 μl empty vector which served as a control (CON). Stainless steel electrodes were placed on the muscle and square-wave electrical pulses (200 V/cm) were applied eight times with an electrical pulse generator at a rate of 1 pulse/s, with each pulse being of 20 ms duration. Insulin-stimulated glucose clearance experiments (subsequently described) were performed on animals 7 days after electroporation, a time point when we have shown peak overexpression of constructs (Fig. 1) . The muscles were rapidly frozen and stored at −80°C.
In vivo insulin-stimulated muscle glucose clearance Insulin-stimulated glucose clearance into the TA muscle was examined as previously described [18] . Briefly, 5 h fasted mice were anaesthetised with sodium pentobarbitone (50 mg/kg i.p.) and injected intravenously with 0.5 U/kg insulin (Actrapid; Novo Nordisk, Copenhagen, Denmark) and 370,000 Bq 2-deoxy[ 3 H]glucose (GE Healthcare Life Sciences, Little Chalfont, UK). Samples of blood were taken from the tail 2, 5, 10, 15, 20 and 30 min after injection and mixed with 100 μl 10 U/ml heparin/saline. Blood glucose was simultaneously measured using an Accu-Chek Advantage meter (Roche Diagnostics, NSW, Australia). Blood radioactivity was determined at each time point by liquid scintillation beta counting. After 30 min, mice were killed and the TA muscles removed and frozen in liquid nitrogen. To analyse the clearance of 2-deoxy[ 3 H]glucose, the muscle was homogenised, centrifuged at 15,700×g for 10 min and the supernatant fraction collected. To determine the total counts, 200 μl supernatant fraction was analysed by liquid scintillation counting. A 400 μl sample of the supernatant fraction was passed through an anion exchange column (AS 1-X8 resin; Bio-Rad, Hercules, CA, USA) for determination of the free counts. The rate of tissue metabolism of 2-deoxy[
3 H]glucose (K) was calculated using the singleinjection model [19] . The tissue content of 2-deoxy[
3 H]-glucose-6-phosphate (C; dpm/g) was used to calculate the amount of 2-deoxy[ 
Analysis of insulin signalling
Mice were fasted for 5 h and anaesthetised by injection of 50 mg/kg i.p. sodium pentobarbitone. The peritoneal cavity was then opened and insulin (1 U/kg) was injected into the hepatic portal vein. After 10 min, TA muscles were dissected and immediately frozen in liquid nitrogen. TA muscles were harvested from a separate group of mice that were not insulin stimulated. These tissues were used for analysis of insulin signalling in the basal state.
Western blotting
Muscle samples were lysed and protein concentration determined. Lysates were solubilised and 40 μg protein was loaded and resolved by SDS-PAGE on polyacrylamide gels, transferred to membranes and blocked with 5% milk. Immunoblotting was performed using the following primary antibodies: LPL (Abcam, Cambridge, MA, USA); α-tubulin (Sigma, St Louis, MO, USA); GFP, phosphorylated Akt (Ser 473 ), phosphorylated Akt (Thr 308 ), Akt, phosphorylated JNK (Thr 183 /Tyr 185 ), JNK, phosphorylated IRS-1 (Ser 307 ), phosphorylated IRS-1 (Tyr 612 ), total insulin receptor, phosphorylated insulin receptor-β (Tyr 1361 ) and β-actin (all from Cell Signaling Technology, Danvers, MA, USA). After incubation with appropriate secondary antibody, the immunoreactive proteins were detected with enhanced chemiluminescence and quantified by densitometry.
Sectioning and imaging of GFP
The TA muscle sample was dissected and placed in embedding medium (Tissue-Tek; ProSciTech, QLD, Australia) so that the muscle fibres were vertical, frozen in precooled isopentane and stored at −80°C. Samples were cut in cross-sections in a cryostat (Leica CM1900; Leica Microsystems, Germany) at a thickness of 10 μm and picked up using a Polysine 25×75×1.0 mm precleaned slide (Lomb Scientific, Sydney, NSW, Australia). Slides were viewed under an Olympus CKX41 microscope (Mt Waverley, VIC, Australia) under normal light to orientate the sections and then with fluorescence to identify GFP (×10 magnification). Three sections from each sample were analysed and averaged for GFP content and expressed as a percentage of total cells in the field of view.
Lipid analysis
Lipidomic analyses were performed on TA muscles that were homogenised in 300 μl PBS buffer, pH 7.47, according to previous methods [20] with modifications. Briefly, lipids were extracted from 50 μg protein in 96-well plates, whereby there was no partitioning between the aqueous and organic phases, recovering all lipids in a single phase suitable for liquid chromatography-mass spectrometry analysis. Lipid analysis was performed by liquid chromatography, electrospray ionisation-tandem mass spectrometry using an HP 1200 liquid chromatography system combined with a PE Sciex API 4000 Q/TRAP mass spectrometer with a turbo-ionspray source (350°C) and Analyst 1.5 data system as previously described [21] .
Statistics
Data were analysed using paired t test analysis. All data are presented as mean±standard error of the mean (SEM). Statistical significance was set at p<0.05.
Results
Delivery of GFP into skeletal muscle
To determine the in vivo electroporation efficiency of our system, we injected 100 μg pCDNA3 GFP vector or saline only into TA muscles. Muscles were then electrically stimulated to facilitate gene transfer into the muscle cells and harvested 7 days later. Figure 1a depicts a representative western blot probed for GFP, where GFP abundance was observed in the test leg and not in the control leg. Fluorescence microscope visualisation and analysis revealed that the percentage of fibres that produced GFP as a percentage of total muscle cells was 53.9±3.9% (Fig. 1b-d) .
Overexpression of WT-JNK into TA modestly increases JNK phosphorylation but does not affect insulin signalling or action Phosphorylation (Thr 183 /Tyr 185 ) and total JNK were measured by western blotting 7 days after electroporation of the WT-JNK plasmid into TA muscle. Electroporation of WT-JNK increased JNK protein levels approximately sixfold (Fig. 2a) but resulted in a relatively modest (∼25%), though nonetheless significant, increase in JNK phosphorylation (Fig. 2b) . Interestingly, and somewhat unexpectedly, we consistently observed that the WT-JNK overexpression resulted in an increase predominately in the 46 kDa band for total JNK and the 54 kDa band for phosphorylated JNK.
We next examined whether such increases in total and phosphorylated JNK affected insulin signalling and/or action. Initially, we performed experiments on both individual . 1a ). Following this, we next performed experiments whereby all animals were insulin stimulated so that a bone fide within-animal comparison could be evaluated. No differences were observed in Ser 307 phosphorylation of IRS-1, insulin-stimulated Tyr 612 phosphorylation or total IRS-1 when comparing the test (WT-JNK) with the CON muscle (Fig. 3a) . In addition, while there was a small, but significant, reduction in insulin-stimulated threonine (Thr 308 ) phosphorylation of Akt when comparing the test with the control muscle, no differences were observed in insulin-stimulated Ser 473 phosphorylation of Akt when comparing muscles (Fig. 3b) . Moreover, and most importantly, we observed no differences in insulin-stimulated glucose clearance when comparing muscles from these mice (Fig. 3c) , suggesting that the small decrease observed in the phosphorylation of Akt Thr 308 was not sufficient in itself to impact upon glucose clearance.
Overexpression of CA-Jnk into TA increases CA-JNK phosphorylation, which impairs insulin signalling and action
We next electroporated the CA-Jnk construct into the TA muscle and measured total and phosphorylated (Thr 183 / Tyr 185 ) JNK. Electroporation of the CA-Jnk plasmid increased both total and phosphorylated (Fig. 4a) CA-JNK (>80 kDa band). However, such an intervention did not affect either total (Fig. 4a, b) or phosphorylated (Fig. 4a,  c) endogenous JNK (54/46 kDa bands).
We next examined whether electroporation of the CA-Jnk construct had any effect on insulin signalling and/or action. As described earlier, we initially performed experiments on separate cohorts of mice that were either stimulated with (insulin) or without (basal) insulin (ESM Fig. 1b) . Although Akt was phosphorylated in response to insulin in both treatments, the degree of magnitude of phosphorylation at both sites was less in the leg with CA-Jnk overexpressed (ESM Fig. 1b) . Further cohorts were subsequently all insulin stimulated to enable accurate within-animal analysis to determine differences in the insulin signalling cascade between CA-JNK and control muscle. Electroporation of the CA-Jnk plasmid significantly decreased phosphorylation of the insulin receptor-β, while total levels of insulin receptor were not different (Fig. 5a) . Further, the test leg had an increased Ser 307 phosphorylation of IRS-1 (Fig. 5b ) and a marked decrease in total IRS-1 expression (Fig. 5b) , while insulinstimulated Tyr 612 phosphorylation of IRS-1 tended (nonsignificantly) to be decreased with CA-JNK overexpression (Fig. 5b) . In addition, insulin-stimulated Akt phosphorylation at two important residues (Thr 308 and Ser 473 ) was markedly decreased when comparing the test with the control muscle (Fig. 5c) . Moreover, from a functional perspective, insulin-stimulated glucose clearance was impaired when comparing the test with the control muscle (Fig. 5d) .
Overexpression of CA-Jnk into TA does not affect LPL abundance or intramuscular lipid accumulation While activation of JNK can impair insulin signalling via phosphorylation of IRS-1 [22] , it has recently been suggested that JNK may also play a role in intramuscular lipid accumulation via modulation of LPL [6] . Accordingly, we measured the protein levels of LPL and performed a comprehensive lipidomic analysis in skeletal muscle overexpressing CAJnk. No differences were observed in LPL protein levels when comparing the test with the control muscle (ESM Fig. 2 ). In addition, no differences were observed in triacylglycerol (TAG) (Fig. 6a, 
Discussion
While several studies have examined either whole-body [4, 7] or tissue-specific [6, [23] [24] [25] [26] [27] ablation of JNK and its involvement in insulin resistance, relatively few studies have attempted to determine whether elevated JNK in metabolically relevant tissues is sufficient to disrupt metabolic homeostasis. One previous study has overproduced JNK in skeletal muscle, but in that study insulin action was not examined [14] . We clearly show that electroporation of the CA-Jnk construct in skeletal muscle impairs insulin action, decreases phosphorylation of the insulin receptor and Akt, increases serine phosphorylation of IRS-1 and decreases IRS-1 levels, suggesting that increased JNK activation in this tissue may contribute to the pathogenesis of insulin resistance.
We observed a different response for insulin-stimulated glucose disposal and insulin signalling depending on whether we used the WT-JNK plasmid or the CA-Jnk plasmid. As both plasmids were shown to phosphorylate JNK in skeletal muscle, it is possible that the different effects of the WT-JNK, compared with the CA-JNK, were related to the magnitude of the increase in JNK phosphorylation, since the WT-JNK electroporation resulted in an approximate 25% increase in JNK phosphorylation compared with a marked increase in phosphorylation of the >80 kDa band for the CA-Jnk electroporation (Fig. 4a) . We recently demonstrated that treadmill exercise increases JNK phosphorylation in the skeletal muscle of mice by approximately 25% [28] , and it is well known that insulin sensitivity is enhanced in the immediate postexercise period. Together, these recent data, coupled with the data presented here, suggest that small increases in the phosphorylation of JNK in skeletal muscle do not have a deleterious effect on insulin signalling or action. However, caution should be applied to these direct comparisons, as exercise or exercise training most likely results in cyclic or transient changes in JNK production, and in the exercise model the increase in phosphorylated JNK occurs in conjunction with numerous other biochemical and metabolic alterations that cannot easily be separated out. As the current study was short term (7 days), it is possible that small but chronic increases in JNK could potentially negate insulin signalling/action.
We [9] and others [29] have demonstrated that, similar to mouse models, JNK phosphorylation is also elevated in skeletal muscle in human obesity, insulin resistance and/or type 2 diabetes by 50% in the former study [9] and threefold in the latter study [29] . The electroporation technique is advantageous in that it allows for each mouse to act as its own control in the absence of differing hormones and/or substrates in the circulation which may make results difficult to interpret. However, one major limitation of this technique is that it only allows for transient increases in protein abundance and, consequently, the TA muscles were only exposed to the WT-JNK and CA-JNK for 7 days. Consequently, whether the elevated JNK phosphorylation seen in skeletal muscle in human obesity, insulin resistance and/or type 2 diabetes is sufficient in itself to contribute to the pathogenesis of disease cannot be determined from the present study. However, since the magnitude of the increase in the phosphorylation of JNK at ∼80 kDa with overexpression of CA-Jnk was somewhat comparable to that observed in the skeletal muscle of at least one human study [29] , our data certainly suggest that increased JNK activation in skeletal muscle may contribute in part to the pathogenesis of insulin resistance.
To our knowledge, this is the first study to show that increased JNK activation can lead to decreased IRS-1 protein levels, presumably via IRS-1 ubiquitination mediated ) and total Akt (b) and insulin-stimulated glucose clearance (c) in TA muscle from C57Bl/6 mice 7 days following electroporation of an empty vector (C; CON; grey bars) or WT-JNK (T; Test; black bars) plasmid. Ser 307 phosphorylation measures were made in the absence of insulin stimulation; all other measures were insulin stimulated. For signalling, insulin (1 U/kg) was injected into the hepatic portal vein and tissue was excised after 10 min. For glucose clearance, 0.5 U/kg insulin and 370,000 Bq 2-deoxy[ via serine phosphorylation of this protein. We show that CA-Jnk overexpression increases Ser 307 phosphorylation of IRS and decreases IRS-1 protein abundance by more than 50% (Fig. 5b) . Consistent with our observation, it has recently been shown that the E3 ligase CUL7 can target IRS-1 for degradation via IRS-1 serine phosphorylation [30] .
phosphorylation, in itself, was not sufficient to result in IRS-1 degradation, suggesting that in our system several serine residues on IRS-1 were most likely phosphorylated together with Ser 307 . In fact, while IRS-1 Ser 307 phosphorylation generally serves as a reliable surrogate, JNK activation is likely to cause IRS-1 serine phosphorylation at multiple residues, collectively resulting in impaired insulin signalling. This is also supported by the recent observation that isolated prevention of IRS-1 Ser 307 phosphorylation in a genetic model does not result in enhanced insulin signalling [31] . Indeed, more than 100 potential serine phosphorylation sites exist in IRS-1 and as the IRS proteins contain a binding site for the docking of JNK [32] there are a plethora of prospective residues that may be working in unison with the Ser 307 site. Likewise, there are multiple tyrosine phosphorylation sites on IRS-1 and although there was a tendency for phosphorylation of IRS-1 at Tyr 612 to be reduced with electroporation of CA-Jnk this slight reduction was not statistically significant (Fig. 5b) . Nevertheless, overexpression of CA-Jnk caused a marked decrease in Akt phosphorylation at two critical residues (Thr 308 and Ser . 6 TAG (a) , DAG (b) and ceramide (c) species in TA muscle from C57Bl/6 mice 7 days following electroporation of an empty vector (CON, grey bars) or CA-Jnk (black bars) plasmid. Data are expressed as mean± SEM; n09 per group are warranted to investigate the precise roles of serine and tyrosine residues in this system.
The insulin receptor is a transmembrane receptor and tyrosine phosphorylation is one of the earliest cellular responses to insulin stimulation. As we observed a decrease in phosphorylation of insulin receptor-β in the test leg injected with CA-Jnk, it would suggest that this proximal step in the pathway is a target for JNK-induced insulin signalling defects in skeletal muscle. It is unclear whether such alterations are sufficient to induce all the changes to downstream signalling events we observed and eventual impaired glucose clearance. Certainly, considering our observed changes in total IRS-1 levels, our data would suggest that the effects of CA-Jnk overexpression are multifaceted.
While it is likely that the reduction in insulin signalling and action observed with CA-JNK phosphorylation was mediated by a combination of reduced insulin receptor phosphorylation and serine phosphorylation, and subsequent ubiquitination of IRS-1 and alteration in Akt phosphorylation status, recent studies have suggested that JNK may also play a role in modulating intramyocellular lipid accumulation via altered activity of LPL [6] . In addition, the bioactive lipid species ceramide has been implicated in insulin resistance [3] and it has been suggested that ceramides may be regulated via inflammatory signalling pathways that also lead to JNK activation [33] . Accordingly, we examined the abundance of LPL and the accumulation of bioactive lipid species in the CA-JNK and CON muscles. We demonstrated that LPL levels were unaltered by CA-Jnk overexpression (ESM Fig. 2) . Moreover, we show that neither the molecular species (Fig. 6 ) nor the sum of (ESM Table 1 ) TAG, DAG and ceramide species was affected by overexpression of CA-Jnk; therefore, the decreased insulin signalling and action observed in the CA-Jnk electroporated muscle were entirely independent of changes in bioactive lipid accumulation.
An interesting point to come from the WT-JNK component of the study was that a small but significant decrease in phosphorylation of Akt at Thr 308 was observed without this impacting on glucose clearance rates into the skeletal muscle. Either this decrease was too small to exert any further downstream effects or these data question the relative contribution of the two different phosphorylation sites of Akt on glucose clearance. While often insulin resistance or disrupted glucose uptake is associated with impairments in both Akt phosphorylation sites following insulin stimulation, this is not always the case. For instance, muscle-specific rictor knockout mice exhibit glucose intolerance and decreased skeletal muscle insulin-stimulated glucose uptake and phosphorylation of Akt at Ser 473 , yet the phosphorylation of Akt at Thr 308 is normal [34] . Together with our data in the current study, findings like this indicate that alterations in the phosphorylation status of Akt at Thr 308 in skeletal muscle are not inextricably linked to functional differences in glucose clearance at the muscle site. The WT-JNK plasmid increased JNK phosphorylation at the 54 kDa band and although as mentioned above this was associated with decreased insulin-induced Akt threonine phosphorylation it did not result in impairment in insulinstimulated glucose clearance. It is known from work in JNK1 and JNK2-deficient mouse embryonic fibroblasts that Jnk1 and Jnk2 express both 46 and 54 kDa protein versions of JNK [35] . Therefore, it is difficult to separate the actions of both the 54 and 46 kDa versions of JNK, since the Jnk1 gene encodes both proteins and the Jnk2 gene plays a role in encoding both proteins. Whole-body genetic studies investigating the role of JNK1 and JNK2 indicate that it is likely that both loci contribute to metabolic regulation [8] . Of note, the only other study to date that has overexpressed WT-JNK in skeletal muscle did not show a significant elevation in Ser 307 phosphorylation of IRS-1, but these authors did not examine insulin action [14] .
In summary, we demonstrate that a marked increase in JNK phosphorylation, mediated by skeletal muscle overexpression of a constitutively active Jnk plasmid is sufficient in itself to result in reduced insulin-stimulated glucose clearance via a mechanism that probably involves alteration of the insulin signalling cascade. These data suggest that the increased skeletal muscle JNK activation seen in patients with insulin resistance may be a contributing factor to the pathology of this disorder. Duality of interest The authors declare that there is no duality of interest associated with the manuscript.
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